Background: Standard therapy for stage III non-small cell lung cancer with chemotherapy and conventional radiation has suboptimal outcomes. We hypothesized that a combination of surgery followed by stereotactic body radiation therapy (SBRT) would be a safe alternative.
Background
The standard of care for unresectable stage III non-small cell lung cancer (NSCLC) remains concurrent chemoradiation [1, 2] . Even among patients with excellent performance status and limited disease-related weight loss prior to their treatments, the 5-year overall survival remains 16% with significant toxicity [1, 2] .
Radiation dose escalation worsened overall survival with no improvements in local control of less than 70% [3] . Surgery is generally reserved for very highly selected patients, such as those with persistent N2 disease following neoadjuvant chemotherapy or chemoradiation [4, 5] .
When compared to conventionally fractionated radiation therapy as used in chemoradiation, stereotactic body radiation therapy (SBRT) has equivalent survival and local control with less toxicity, improved quality of life, and shortened duration of treatment in patients with early stage NSCLC [6] . In addition, incidental radiation to mediastinal lymph nodes can be substantial by SBRT and may be potentially therapeutic for low-volume, subclinical nodal diseases after nodal resection [7] . Kepka et al. described a dose response for reduced nodal recurrence with an incidental radiation threshold of approximately 15Gy delivered in non-SBRT doses (1.2-4.0 Gray (Gy) per fraction), reflecting a BED 10 ranging from 16.8 to 21Gy. Thus, the SBRT dose of 10 Gy delivered in 1 fraction (BED 10 = 20Gy) to the mediastinum/hilum was chosen for investigation [8] . Recently, it has been reported that 10Gy in 1 fraction of thoracic radiation can improve quality of life and is well tolerated in patients undergoing palliative chemotherapy for NSCLC [9, 10] . Our aim for this study was to evaluate 10Gy in 1 fraction for definitive post-operative treatment. Additionally, a novel method for mediastinal nodal resection is transcervical extended mediastinal lymphadenectomy (TEMLA). It has been well tolerated with high sensitivity and specificity for nodal staging [11] .
Currently, the use of SBRT in stage III NSCLC has been limited to delivering an additional boost to the residual primary tumor mass [12] . SBRT to the central thorax is associated with significant toxicity [13] . However, we hypothesized that the combination of TEMLA to debulk the disease followed by a relatively low dose of single fraction SBRT (10 Gy)) would be a safe alternative to conventionally fractionated radiation therapy and that it may potentially yield improved local control and toxicity profiles. This report details a pilot, single-center study to assess outcomes of TEMLA followed by SBRT for stage III NSCLC.
Methods

Patient eligibility
This was an institutional review board approved prospective clinical trial (NCT01781741). Eligibility criteria included: histologically confirmed stage III/IV NSCLC, age 18 or older, and Eastern Cooperative Oncology Group (ECOG) Performance Status of 2 or less. Patients with stage IV NSCLC were eligible if limited to solitary, limited volume metastasis in brain, bone, or adrenal glands. All patients underwent complete staging with PET-CT and brain MRI. Neoadjuvant chemotherapy was allowed at the discretion of medical oncologist. Patients with open thoracotomy as part of their surgical treatments were ineligible, as this group was considered too high risk for a pilot study evaluating toxicity as an endpoint. Patients with known N2 disease or oligometastases prior to TEMLA were required to consent prior to TEMLA, whereas those found to have N2 disease during TEMLA were allowed to consent after TEMLA. Patients were not required to have known N2 disease prior to TEMLA. There was no restriction on the number of involved nodal stations or bulk of disease. All patients underwent pulmonary function tests.
No specific pulmonary function test requirement was utilized in this protocol, although our institutional practice is to consider curative-intent surgical resection in only those patients with forced expiratory volume in 1 second (FEV1) and/or diffusing capacity of lung for carbon monoxide (DLCO) > 50% predicted value. Surgical and medical candidacy for surgical resection was determined at the discretion of the thoracic surgeon. Surgical and medical candidacy for surgical resection was determined at the discretion of the thoracic surgeon. Contralateral mediastinal involvement was not an absolute contraindication.
Treatment
Formal long term adverse event assessment beyond 12 weeks was not done (to avoid counting of toxicities with standard adjuvant chemotherapy) and is a limitation of this study, therefore, we are unable to report on any late toxicity secondary to RT. All patients received TEMLA to remove their mediastinal nodes. The primary tumor was treated with video assisted thoracoscopic surgery (VATS) or SBRT to 30 Gy in a single fraction if inoperable by VATS. Any minimally invasive procedure with VATS (lobectomy, segmentectomy, wedge resection) was allowed. Evaluation of hilar nodes was completed with either TEMLA or VATS. SBRT of 10 Gy was given to any positive mediastinal or hilar lymph node region or positive surgical margins [7] . TEMLA and SBRT were required to be completed in the first 2 months. Adjuvant chemotherapy was provided at any time 2 weeks after SBRT, at the discretion of the medical oncologist.
TEMLA
The operative techniques of TEMLA at our institution were described previously [14] [15] [16] . Briefly, the procedure includes a 5 to 8 cm collar incision in the neck, sternal manubrium elevation, and the bilateral visualization of the vagus and laryngeal recurrent nerves, and the dissection of all mediastinal nodal stations except for the pulmonary ligament lymph nodes. In this study, video-assisted mediastinal lymphadenectomy (VAMLA) was allowed at the surgeon's discretion.
SBRT
The delivery method of SBRT at our center previously was reported [17] . Briefly, all patients were stabilized by Body Fix (Elektra, Stockholm, Sweden) immobilizer for CT simulation, and their respiratory motion was evaluated using Real-Time Position Management (Varian Medical System, Palo Alto, CA).
Treatment planning and normal tissue constraints were per RTOG 0915 for single fraction SBRT [18] . Either volumetric-modulated arc therapy (VMAT) or intensity-modulated radiation therapy (IMRT) were used with heterogeneity corrections. Clinical target volume (CTV) of the involved lymph nodes was defined by staging nodal evaluation including endobronchial ultrasound, PET/CT and pathologic findings at time of TEMLA. The CTV did not include any elective nodal station (e.g. in the case of a positive hilar nodal station, only that station was included in the CTV). An internal target volume (ITV) was generated using 4D CT or deep-inspiratory breath hold, and the planning target volume (PTV) was generated by adding a uniform 0.5 cm margin to the ITV. PTV of lymph nodes was drawn based on anatomic landmarks as described previously [7, 19] . Figure 1 provides an example of the CTV (blue) and PTV (purple) for a patient with a clinically positive level 10 lymph node and a positive level 4 L lymph node from TEMLA, covering only those respective lymph node regions.
The requirement was for 95% of PTV to be conformally covered by the prescription isodose surface, 30 Gy for the primary tumor site and 10 Gy for lymph nodes or positive surgical margin. Also, 99% of the PTV was required to receive a minimum of 90% of the prescription dose. The dose for all patients was prescribed to the prescription line at the edge of the PTV.
Initial evaluation and follow-up
SBRT was delivered at least 2 weeks after any surgery and at most 8 weeks after TEMLA. Patients were followed at 6, 9, 12 months after SBRT and then every 6 months for the next 2 years. Imaging with either PET-CT or CT scan of the chest was completed at a minimum 12 weeks, 1 year, 3 years, and 5 years post-SBRT or if clinically indicated. Adverse events were assessed until 12 weeks after SBRT.
Outcome assessments
The primary endpoint was the frequency and relative frequency of grade 3 or higher adverse events (AE) or toxicities. Toxicities were evaluated based on Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. They were estimated using a 90% confidence interval obtained by the Clopper-Pearson method. Secondary endpoints included: median duration of time between SBRT and chemotherapy, and between TEMLA and SBRT, overall survival (OS) and progression-free survival (PFS) and quality of life (QOL) scores. Time from SBRT to chemotherapy was estimated using a 90% confidence interval obtained by standard Kaplan-Meier methods. OS and PFS were evaluated by the Kaplan-Meier method. The median survival, 1-and 2-year survival rates were estimated with 90% confidence intervals calculated from the time of TEMLA. QOL scores were obtained by the EORTC QLQ-C30 and EORTC QLQ Lung Cancer-Specific Module questionnaires, which were required to be administered at 6 and 12 week follow-up, and allowed to be administered at each additional follow-up. A linear transformation was used in order to standardize the raw QOL scores in a scale from 0 to 100 [20, 21] . Global scores were summarized by time-point using the mean, median, standard deviation, and range. The sign test was used in order to compare the QOL scores with the baseline scores. All tests were two-sided and tested at a 0.1 nominal significance level. Pulmonary function tests were summarized by visit using the mean, median, standard deviation, and range. SAS (version 9.4, Cary, NC) software was used for all statistical analyses.
Results
Between March 2013 and December 2015, 16 patients were screened for study. Of these 16, seven patients received neoadjuvant chemotherapy, and all patients underwent TEMLA. Two progressed during neoadjuvant chemotherapy and 4 were node negative following chemotherapy at the time of TEMLA. The remaining 10 patients with stage IIIA or IIIB NSCLC were enrolled in the study. Although Stage IV patients and those with positive surgical margins were eligible, none were enrolled. Baseline characteristics, demographics, and outcomes are described in Table 1 . The majority was former smokers and had ECOG performance status of 0. Nine patients underwent VATS surgical resection of the primary tumors, of those, 8 underwent lobectomy and 1 underwent a wedge resection. Four patients had clinical or pathologically confirmed N3 disease, all by virtue of contralateral mediastinal lymph node involvement. Three patients had subcarinal involvement.
Patient 1 had a primary tumor that was deemed unresectable during the surgical exploration. The patient received 30 Gy in a single fraction to the primary tumor with concurrent 10 Gy in a single fraction to the mediastinal lymph nodes. A complete response was achieved by follow-up PET scan performed 4 months after SBRT; the patient had a good performance status at that time; however, the patient expired of unknown causes 3 months later.
All patients had positive mediastinal/hilar lymph node metastases and underwent post-operative SBRT in the mediastinal/hilar region. The median time from TEMLA to SBRT was 35.5 days (range 24-37). All patients received standard doublet adjuvant chemotherapy; the median time from SBRT to chemotherapy was 14 days (range 13-37).
With a minimum follow-up of 18 months, 6 patients are alive. No perioperative mortality was reported. As shown in Tables 2, 6 (60%) of patients reported grade 3 AEs (90% CI 30-85). In 4 patients these AEs were related to chemotherapy and not attributable to radiation. Two patients reported grade 3 pulmonary-related AEs (dyspnea and cough). No grade 4-5 AEs were observed.
OS and PFS rates at 2 years were 68% (90% CI 36-86) and 40% (90% CI 16-63), respectively (Figs. 2 and 3) . Median OS has not yet been reached at 49 months and median PFS was 17.5 months. There was no failure observed within the 10 Gy volume. Also, as shown in Tables 1, 4 patients experienced distant failure and 3 experienced regional failure (2 supraclavicular and 1 pleural effusion).
Compared to the baseline quality of life scores, there were no statistically significant changes seen at any follow-up visit. Similarly, compared to the baseline, there appears to be no significant change seen in any measure of pulmonary function during follow-up.
Discussion
This is the first report of a planned prospective study combining discretionary neoadjuvant chemotherapy, followed by limited surgery (VATS and TEMLA) followed by SBRT ultimately followed by adjuvant chemotherapy in locally advanced NSCLC. In patients with adequate pulmonary function and medically amenable to TEMLA/VATS with no distant disease, this combination of treatment modalities resulted in no local failures, limited toxicity, and the ability to proceed quickly to adjuvant chemotherapy.
Of the seven patients who completed neoadjuvant chemotherapy, all had persistent N2-3 disease after surgery. Patients with persistent N2+ disease were previously shown to have over 60% local-regional and distant failure rates at 5 years without postoperative radiation therapy and adjuvant chemotherapy [22, 23] . Several retrospective studies showed that the use of postoperative radiation therapy and additional chemotherapy following neoadjuvant chemotherapy and surgery in these patients reduced local-regional and distant failures, even improving overall survival in select patients [22, 24] . Our study is the first study to use postoperative SBRT, instead of conventionally fractionated radiation therapy, to shorten the time to the start of adjuvant chemotherapy. Though systemic failure predominates, local failure remains a significant concern in locally advanced NSCLC treated with conventionally fractionated radiation and concurrent chemotherapy [25] . In this study, there were no local failures within the area treated by surgery and at least 10 Gy of SBRT.
In our study, 2 patients (20%) had supraclavicular nodal recurrences following TEMLA and SBRT. This pattern of failure is consistent with prior studies showing 2-16% of patients with supraclavicular nodal recurrences for NSCLC [26] [27] [28] .
In this small study, 7 patients received neoadjuvant chemotherapy. Importantly, all patients tolerated surgery and SBRT well enough (only 2 patients with grade 3 toxicity possibly attributable to SBRT) to receive standard doublet adjuvant chemotherapy without significant delay (median time from TEMLA to SBRT was 35.5 days, SBRT to chemotherapy was 14 days). The overall G3+ toxicity rate of 60% compares favorably to a 76% rate reported with modern definitive chemoradiation treatment in the standard arm of RTOG 0617 [3] . Modern era post-operative radiation trials have demonstrated low rates of G3+ toxicity as low as 0%, although the concern for toxicity has long been established with a survival detriment identified by the PORT meta-analysis Trialist Group [29, 30] . We await the results of phase III modern post-operative trials such as the LungART to elucidate the future role of conventionally fractionated post-operative RT. Formal long term adverse event assessment beyond 12 weeks was not done (to avoid counting of toxicities with standard adjuvant chemotherapy) and is a limitation of this study; therefore, we are unable to report on any late toxicity secondary to RT.
OS and PFS rates at 2 years were 68 and 40% respectively. Despite the different radiation modality and sequence of adjuvant radiation and chemotherapy, the 1-year OS in our study was 90% which is consistent with the experience of 98% 1-year OS in a subgroup (n = 73) of patients on the ANITA trial who had pathological N2 disease who received adjuvant chemotherapy and RT [31] . The survival benefit of postoperative chemotherapy followed by conventional radiation for N2 diseases has further been shown in the secondary analysis of the ANITA trial (median survival 47.4 months vs 23.8 months) [32] . Such findings are consistent with other retrospective studies [33] [34] [35] . However, the receipt of adjuvant radiation early was shown to have survival benefits in a multicenter retrospective study, and the subsequent delay of receiving adjuvant chemotherapy was not associated with worse outcomes in prior studies. [36] [37] [38] . The ideal sequence of adjuvant regimens remains unclear, and the role of postoperative radiation will be elucidated in phase III LungART trial (NCT00410683).
Ultimately then, this study fulfilled our initial hypothesis that the combination of TEMLA to debulk the disease followed by a relatively low dose of single fraction SBRT (10 Gy) would be a safe alternative to conventionally fractionated radiation therapy, achieving excellent local control and toxicity profiles. Future studies of postoperative conventionally fractionated radiation versus SBRT should be considered. In the interval, we have shown that single fraction SBRT prior to surgery is able to stimulate the immune system in patients with renal cell cancer [39] . Building upon this finding, our current study seeks to understand the immune effects of neoadjuvant single fraction SBRT in NSCLC patients (stage I to IIIA, NCT03348748) who will go on to surgery.
Conclusion
For select patients with locally advanced NSCLC, the combination of neoadjuvant chemotherapy, surgery, and postoperative SBRT showed good local control with limited toxicity and a quicker transition to adjuvant chemotherapy. Such regimens warrant further study. 
